In a retinal imaging instrument, the ocular aberrations are time-varying, leading to images degradation. Adaptive Optics improves resolution. We describe here several modifications made on our system and their impact in terms of image quality.
Introduction
Atmospheric turbulence limits the astronomical images quality of the ground-based telescopes. As well, the ocular aberrations have pernicious consequences on vision quality [1] . Reciprocally, in vivo retinal cells studies and early diagnosis are severely limited, due to the lack of resolution on eye-fundus images. In the entrance pupil of any retinal imager the ocular aberrations change with time [2] . This expresses the impossibility to correct for them with glasses. Progress in applying Adaptive Optics (AO) to compensate eye's optical defaults is steady, either in flood imaging fundus cameras [3] , or in AO-Scanning Laser Ophthalmoscopes [4] . To pursue the goal of reaching the diffraction limit on dilated eyes, our AO retinal imaging instrument (flood imaging type) previously described [5] has received significant improvements, which are presented here.
Instrument report
In its original version, our instrument had already led to in vivo AO corrected wide-field retinal images (2° x 3°) whereas the raw images field of view extended to 1°. The actual field could be increased on some subjects by turning the apparent drawback of eye's movements between exposures into an advantage. Indeed, as soon as eye's movements are not to large (less than one field extent) individual frames show a common part. And they can a posteriori be repositioned with regard to the others. Made of a 6 x 6 Shack-Hartmann wavefront sensor matched to a 13-actuator bimorph deformable mirror, the AO system operated at a loop frequency of 70 Hz. The imaging frequency was of 5 Hz, based on flashes (exposure durations: 1 ms to 10 ms) achieved trough a system of 2 shutters synchronized with the servo. An "active fixation target", made of a 7 leds in-line and calibrated provided an accurate localization of the image area on the retina. Initially, this active target allowed the investigator to choose between a vertical positioning of the leds or an horizontal one. With this first instrument, some critical points have been identified, and corresponding efforts have been made to improve the system.
New correcting device:
The initial deformable mirror showed a course that definitively not suits eye's aberrations amplitude (+/-2 microns for the electrodes on the edge). Besides, 12 degrees of freedom, after piston filtering, could nearly provide no high order aberrations correction at all. And even if their consequences on retinal image quality have not really been quantified up to now, high order defaults can still be estimated in the eye's exit pupil. Our current deformable mirror is now a 52 actuator magnetic one sold by Imagine Eyes. The mirror, initially developed by the Laboratoire d'Astrophysique de l'Observatoire de Grenoble, has a strong correction possibility (ametropias correction of up to +/-10 diopters of focus for instance). Its residual wavefront error can be as small as 15 nm rms, and the useful pupil diameter is of 15 mm (compared to the former diameter of 30 mm), which strongly reduces the setup extension on the optical bench.
New wavefront sensor and dedicated software: A matrix of 6 x 6 subpupils does not provide very accurate measurements of the eye's aberrations, which anyway does not reveal so important as soon as the loop is closed. In the new version of the setup, the wavefront sensor is still a Shack-Hartmann one sold by Imagine Eyes and featuring 32 x 32 subapertures, for a better estimation of the eye's aberrations. This will be useful for future studies about aberrations statistics and system calibration. The dynamics and sensitivity of the current wavefront sensor allow one to deal with both strong ocular aberrations ("closing the loop") and very small residual wavefront errors (as small as 60 nm rms on real eyes). The dedicated software, delivered by Imagine Eyes, provides a "real time" picture of the eye's pupil and of the mirror actuators, allowing control of the servo. The actual closed-loop frequency reaches 7 Hz, compared to 70 Hz in the former setup. As the aberrations measurement is particularly accurate, the use of a high loop gain allows one to "partially compensate" for the low bandpass of the system.
Higher imaging rate:
The current wavefront sensor acquisition time is about 30 ms, as is the read time. After a few milliseconds calculations, the corresponding voltages are applied on the deformable mirror. Right after this step, the retinal image acquisition begins, to fully take advantage of the correction. As the loop frequency is 7 Hz, the system then "waits" for a new wavefront sensor acquisition to start. A careful synchronization between the analysis process and the image acquisition sequence leads to an imaging rate of 7 Hz, instead of 5 Hz in the former system. The possibility of increasing the loop frequency up to almost 13 Hz is given, by using another, less user-friendly software. Increasing the imaging rate to 10 Hz by keeping the same image size (512 x 512 pixels) is then straightforward. Reaching an imaging frequency over 10 Hz implies image size reduction.
Automatic reconstruction algorithm, based on the fixating target:
A new active fixation target has been conceived: the led to be fixed can now be conjugated accurately and quickly with any location situated in a disk of 3 degrees in radius centered on the foveola. During an imaging sequence, the subject is asked to fixate the led that is lit. The selection of this led in the line determinates the image eccentricity on the retina. Between sequences, another led can be switched on, in order to relax the subject's fixation. As our biological images are rigid and show a good signal to noise ratio thanks to the use of Adaptive Optics, two reconstruction options are possible: The first one turns eye's movements into an advantage in order to get a field wider than the one intercepted in individual frames: An analysis based on systematic cross-correlations calculations allows one to derive the respective position of one retinal image with regard to the others. Images with too weak a correlation with others are automatically rejected. The final repositioning accuracy is better than ½ pixel, i.e. 0,3 micrometers on the retina. From series of repositioned images, one obtains a reflectance average image, taking the variable number of individual measurements per pixel into account. Signal to noise ratio is increased as square root of the number of stacked images. Thus, the field of view of the instrument is increased, up to about 4 degrees. This option should prepare the way to morphological studies. The second option consists in keeping only the common part in a series of successive images. The blood flow temporal fluctuations can so be studied in each zone of the field that has several times been illuminated. The aim is to measure blood velocity in the smallest retinal capillaries, where no Doppler techniques can be applied. Using "full field" Adaptive Optics provides here high-resolution images without distortion, which is a first step towards functional imaging. For the moment, these reconstruction algorithms are run after an imaging sequence, but their inclusion in the imaging software is planed. An example of wide field images obtained with the reconstruction algorithm is displayed on Figure 1 .
Discussion
As an example of performances achieved at the very limit of our previous system, Fig. 1 shows retinal images in the same eye (subject MP, left eye) acquired with the former setup (right) and with the current setup (left). The eccentricity is about 2 degrees, and the size of the images is of a few degrees (depending on the image). On this subject, the actual quality of correction was better than 85 nm rms during all the imaging process. This performance has been punctually reached on other healthy eyes. Actually, our new instrumental configuration leads to several improvements on subject selection, image quality and post-treatment.
Larger range of eyes to assess: In our initial version, the subject's pupil diameter should reach 7 mm for proper aberrations calculation. In ageing eyes, pupil dilation can reveal a problem. The instrument currently installed at the Quinze-Vingts Hospital allows one to optimally work on eyes with a pupil diameter as small as 4 mm, by taking some software precautions. Besides, in the past, the ametropia's range was extending from -2 to +2 diopters. Focus pre-compensation was realized by moving the wavefront sensor and its associated lens in z, which creates a pure focus. The former system magnification was such that this shift was having only minor consequences on pupils conjugation. In the current setup, the mirror stroke is sufficient to deal with the most current ametropias, without any "precompensating" device or technique.
Resolution: Determining the actual Point Spread Function of the AO corrected eye is difficult, for it implies forming a real point source on the retina. Only estimates of the PSF width are usually, and rarely, given. In addition, "resolving photoreceptors" is vague, for their size and separation varies over the retina. Nevertheless, on the following images, we observe that the separation of individual photoreceptors is better achieved with the current setup. The actual resolution will now be better than 3 micrometers on most of the assessed eyes.
Wide-field imaging:
This capability is essential for any instrument to be routinely used by ophthalmologists, and fields of 10° x 10° (without distortion) on the retina would be ideal. By improving our fixating target system, as described previously, we are now able to get a complete representation of a consistent portion of the retina. This kind of wide-field images will be useful to get a cartography of the vessels network for instance and to study locally whether it is intact or not. Besides, counting photoreceptors will provide more significant results on larger images.
Future improvements should include coupling of the current system with a pupil tracker in open loop. The latter will allow one to measure the translation of the eye's pupil during an imaging sequence. It will provide the deformable mirror with information about the translation of the aberration pattern in the instrument's entrance pupil. Indeed, assumption is made that a major part of the eye's aberrations is static, although eye's movements make them "fluctuate through time" in the entrance pupil of the system. This should lower the constraint of having high frequency wavefront sensor measurements. For the moment, the correction quality depends (among others) on the capability of the subject to keep his fixation steady. 
Conclusion
Our system has reached in its new version a level of accuracy, which qualifies it for routine clinical use. Residual wavefront errors as less as 80 nm rms have been obtained on healthy subjects. A clinical study on 240 eyes has already started at the Quinze-Vingts hospital. A total of 40 healthy volunteers and 200 patients in a variety of retinal pathologies will be assessed.
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